Abstract-A sensitive processing method for extracting the wind direction from SAR (synthetic aperture radar) images is presented. We transfer SAR images to the image spectra using two-dimensional FFT (fast Fourier transform) and take the integral of the image spectra between the wave length 400 m and 800 m, which is high end containing wind direction signatures in Lband SAR. From this and a reference signal (half or full wave rectified sinusoidal wave) we obtain the wind direction by using cross-spectral analysis. To examine the potential of our method, a set of simulated images with various SNR (signal to noise ratio) are used. It is shown that, even if the SNR is −30 dB, the agreement is to within ±3
INTRODUCTION
The wind power energy has the features that it is plentiful, widely distributed, renewable, and clean etc. However, there are some problems in the wind farm construction and operation, which are cost of land acquisition, noise and vibration of windmill, and visual impact [1] . In European nations, they tend to move their wind farm locations from land to coastal and off-shore areas to solve these problems [2] . In Japan, it has been assumed that the windmill installation in the coastal and off-shore areas is difficult because the sea depth around Japan becomes abruptly deep when leaving shore. However, the first wind turbine on coastal area in Japan was installed and started its operation in 2004, which is located in Setana Town of Hokkaido [3] .
It is important to investigate wind patterns to determine the possibility of wind turbine as a viable sustainable energy source. To investigate the wind pattern in the coastal and off-shore areas, the use of satellite images is one of the promising methods. In particular, because the synthetic aperture radar (SAR) installed on satellites can obtain the image of large area with high-resolution, many researchers have been trying the extraction of the wind pattern from off-shore SAR images (for example, [4] [5] [6] ).
In this research, we are focusing on the extraction of wind direction from coastal SAR images. The different approach is necessary for the coastal SAR images because of the coastal current and undulation which do not depend on the wind direction. First, we show the method that extracts wind direction from the synthetic aperture radar image for the wind by using the cross-spectral method. Then the feasibility of the proposed method is examined by applying to the pseudo SAR images and the coastal JERS-1/SAR images.
EXTRACTION METHOD FOR WIND DIRECTION
First, the Fourier coefficient of the subscene of the coastal SAR image is calculated by using twodimensional Fourier transform. The Fourier coefficient in discrete type is expressed as
where, f (x, y) is the digital value of a pixel located at (x, y) within the subscene of M by N pixels, u is wavenumber in the x direction, and v is wavenumber in the y direction. The 2-D power Spectrum is calculated from the 2-D Fourier coefficient, and converted into the polar coordinate system of wavelength and the direction. Then, 1-D directional power spectrum can be derived by integrating the 2-D power spectrum in the wavelength including contribution of wind. In case that the contribution of wind exists from the wavelengths of l 1 to l 2 , the 1-D directional power spectrum is
where, l is wavelength, and F (l, θ) is 2-D power spectrum in the polar coordinate system of wavelength and the direction. The contribution of the wind appears on the 1-D directional power spectrum as peaks at intervals of π. By using this characteristic, the wind direction is extracted by the cross-spectral analysis with a reference function of cycle π. The cross spectrum of the 1-D directional power spectrum p(θ) and the reference function q(θ) is defined as [7] 
where, Θ is reciprocal of the direction angle, K pq (Θ) and Q pq (Θ) are the cospectrum and the quadrature spectrum of p(θ) and q(θ), respectively. The wind direction can be calculated from the phase of S pq (Θ). The phase is defined as
and the coherence magnitude spectrum using the cross spectrum and the auto spectra as
The coherence magnitude spectrum ranges from 0 to 1 and is an estimator of the similarity of p(θ) and q(θ) around a given Θ. That is, the phase is calculated by using the Θ that the coherency becomes the maximum.
VERIFICATION WITH PSEUDO SAR IMAGE
The extraction method for the wind direction shown in the foregoing section was applied to pseudo SAR images, and the extraction ability was examined. In the off-shore images of SEASAT/SAR and ERS-1/SAR, the striped structures caused by wind are often visible. In such SAR images, they are aligned in the direction where the peaks of the power spectrum are roughly orthogonal to the wind direction; so that it can be extracted by using the direction of the peak row that wavelength is in 600 m or more [4, 5] . The striped structure was indistinct in the most of the JERS-1/SAR images used in this research. These did not relate for the wind direction though the peaks of the power spectrum concentrated on the long wave length part, and may be originated in the current and undulation of the Tsugaru Strait. Consequently, the wavelength of sea wave and the wind direction in the pseudo SAR images was fixed to 500 m and 249 • (the north is 0 • ) respectively, and the integral of F (l, θ) was taken between 400 m and 800 m of the wavelength. In addition, the random noise at various levels was added to the pseudo SAR images because the various levels of SNR in actual SAR images were expected. Figure 1 shows an example of the extraction results for the wind direction. The SNR is −30 dB. The full wave rectified sinusoidal wave of cycle π/2 was used as a reference function for the cross spectral analysis. On the sample of the pseudo SAR image, the striped pattern cannot be recognized due to low SNR. But it is possible to extract the wind direction with 3 • in the error margin by integration in the wavelength of the power spectrum and the cross-spectral analysis. From this result, the presented method can be expected to be the steady extraction result for wind direction even for the actual SAR images of low SNR. 
APPLICATION TO COASTAL SAR IMAGE
The study site is the coastal part in the Tsugaru Strait located between Aomori and Hokkaido prefectures in Japan. We used 23 scenes of JERS-1/SAR from 1992 to 1998 for the analysis, that the pass-low is 65-231. The coastal region in Ooma, Tappi and Kikonai were selected as the object areas, and the subscenes in the size of 6.4 km squares were cut out from the full scenes. There are lighthouses in the vicinity of these object areas, so that we can compare the extracted wind direction from SAR images with in the wind direction estimates of the lighthouses. Figure 2 shows the locations of the subscenes and the lighthouses. Figure 3 shows the estimated error of the SAR wind directions extracted by the cross-spectral method. Because the wind direction extracted from the SAR images by the 2-D FFT has the arbitrariness of π, the each value in the figure, a closer value to the estimates of the lighthouses was selected. The SAR estimates obtained from spectra of 6.4-km-square images are shown to agree with the lighthouses' estimates to within a standard deviation of 25 • and a mean absolute error of 21 • . The error of wind direction extracted from offshore SEASAT/SAR and ERS-1/SAR images are within a standard deviation of 20 • [4, 5] . As to the main causes of the large error, the limits of integration in wavelength and the quality of the lighthouses' estimates used for the comparison can be examined. Concerning the limits of integration in wavelength, there are some estimates appearing the influence of the peaks in long wavelength area because the integral section may be made by setting the optimum limits of integration from 400 m to 800 m for all subscenes. The improvement of the error may be expected by setting the optimum integral section for each subscenes and using a weighting function for suppressing the peaks in long wavelength area. Concerning the lighthouses' estimates, the wind direction is provided in the 16-direction method, namely, the resolution of wind direction is 22.5 • . That is, the resolution of wind direction is necessary as the reference data when comparing with the SAR estimates. • and the mean absolute error is 21 • .
CONCLUSIONS
In this research, the method to extract wind direction from SAR image using the cross-spectral method has been shown. As the result of having applied the method to pseudo SAR images, it has been clarified that the presented method can extract the wind direction precisely from the images on which large random error was superimposed. The estimated error is less than 3 • even at −30 dB of the SNR. As the result of having applied to coastal JERS-1/SAR images, the SAR estimates of wind direction have been shown to agree with the lighthouse estimates to within a standard deviation of 25 • and a mean absolute error of 21 • . The improvement of accuracy may be expected by setting the optimum limits of integration in wavelength and using in situ wind direction as the reference data.
